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ABSTRACT 

The definition of concepts dealing with scientific manpower in R and D 

societies leads to the analysis of models and their use in the collection and 

analysis of data, The use of simulation as a tool to study R and D societies 

is considered. 
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PEOPLE, MODELS AND R AND D ORGAKIZATIONS' 

Human organizat ions have been and continue to be s tudied by many dis-  
The R and D soc ie ty  represents  one 

Approximately 600 researchers  
c ip l ines  and with numerous techniques. 
of the most complex of these  organizat ions.  
have ind ica ted  cu r ren t  a c t i v i t i e s  deal ing with the R and D process (COLRAD, 
1964),  t h e i r  techniques center ing  around empir ical  s tud ie s  i n  ind iv idua l  
organizat ions,  and t h e o r e t i c a l  s tud ie s  of the way i n  which X and D should 
be c a r r i e d  out .  Ce r t a in  aspec ts  of R and D s o c i e t i e s  suggest t h a t  the use 
of several types of models, combined with corrputer simulation, promise t o  
y i e ld  major assistance t o  t h i s  f i e l d  of research.  The complexity of  the 
R and D s o c i e t i e s ,  the  s tochas t i c  na ture  of many inf luences,  and the  
rap id ly  chariging environment make t h i s  approach e spec ia l ly  promising. Of 
primary i n t e r e s t  i s  the  movement of the  people who represent  a major con- 
ponent of these  a c t i v i t i e s .  The "open loop" c h a r a c t e r i s t i c s  of the  R and D 
soc ie ty  adds g r e a t  unce r t a in t i e s  t o  the  researchers '  problem, a s  w e l l  as 
t o  the  researchers  i n  the  soc ie ty  m d e r  scru t iny .  Tne e f f e c t s  of s p e c i f i c  
instances:  a newsdiscovery, the  p r i c e  increase of a commodity, or the  
a v a i l a b i l i t y  of new people w i l l  inf luence the behavior of the B and D soc ie ty .  
These inf luences are held mostly a t  the individual  or  s m a l l  group l eve l ,  
requi r ing  a viewpoint which s c r u t i n i z e s  the individual  compocents. The 
chapter w i l l  develop discussions of the  types of models and simulations which 
seem promising i n  meeting t h i s  need, concentrat ing on the  people involved i n  
an organizat ion and some of t h e i r  c h a r a c t e r i s t i c s .  

People, f a c i l i t i e s  and "knowledge" are key resources  o f  a l l  research  
and development communities. Of the  th ree ,  people are the  most s i g n i f i c a n t  
and c r i t i c a l  resource.  People are necessary t o  design, c o m t r u c t ,  modify 
and operate  f a c i l i t i e s .  People are the  main instrument for the  production, 
transmission and r e t r i e v a l  of "knowiedge." Economic wealth makes i t  poss ib le  
t o  r e c r u i t ,  h i r e ,  develop, and support  these  people and t o  purchase f a c i l i t i e s .  
Undeniably, a set of ob jec t ives  o r  purposes i s  a l s o  important, and a good 
"reputation" makes i t  easier t o  a t t r a c t  personnel. Because organiza t iona l  
f ac to r s  may have na jo r  e f f e c t s  on human product iv i ty  and g r e a t l y  a f f e c t  the 
u t i l i z a t i o n  of human endeavor, t h e  coznplete understanding of huiian organizat ion,  
and e spec ia l ly  of the complex R and I) organizat ion,  w i l l  u l t imate ly  r equ i r e  
the in t eg ra t ion  and understanding of all the  aforementioned f a c t o r s  and 
many o thers .  

This paper was prepared with the  support  of t he  Off ice  of fjaval Research and t h e  
National Aeronautics and Space Administration (Grant NSG-445). The authar  wishes 
acknowledge the  a s s i s t ance  of Donald Bloch of the  Speciai  Operations Research 
Off ice ,  American Universi ty;  Michael Boyaval of t h e  Raytheon Company f o r  assist- 
ance in the  development of  the  d iscuss ion  on models; Anthony Chien, Dennis 
Gensch and Stephen Kennedy, who developed the  SIESCRIPT formulation of the prob- 
l e m ;  and Joy Zweigler f o r  her ab le  e d i t o r i a l  ass i s tance .  
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Varying c h a r a c t e r i s t i c s  of  people are important i n  order  t o  understand 
and t o  p red ic t  t he  behavior of R and D organizat ions.  
d i f fe rences  are g r e a t ,  many f a c t o r s  can inf luence the  behavior of  researchers .  
S c i e n t i s t s  and engineers may be described f o r  our purposes with a very la rge  
set of behaviors, a l l  the  way from computing the estimated weight of a sample 
on a s l i d e  r u l e ,  programming a Bessel Function subroutine i n  Algol, s t e r i l i z i n g  
a container ,  o r  proving a theorem, t o  de l iver ing  a paper. A taxonomy of 
behaviors should be developed, such t h a t  similar behavior may be i d e n t i f i e d  
even i f  c a r r i e d  out  i n  d i f f e r e n t  f i e l d s .  

Because individual  

1 A s k i l l  w i l l  be defined as a set of behaviors which a person performs 
over t i m e  and which are co r re l a t ed  with a s c i e n t i f i c  o r  engineering d i sc ip l ine .  
To be active a s k i l l  must be exercised,  and the  necessary f a c i l i t i e s  must 
exis t  t o  support t he  behavior. A p o t e n t i a l  s k i l l  e x i s t s  i f  a person has 
acquired t h e  s k i l l  (through t r a in ing  o r  experience) and i f  a measurable prob- 
a b i l i t y  e x i s t s  t h a t  he can exercise it i f  required.  

2 The c a p a b i l i t y  of  an R and D laboratory w i l l  be defined by the  nuinber 
of s k i l l s  a c t i v e l y  used by the  required number of people engaged in  the  des i red  
s c i e n t i f i c  o r  engineering a c t i v i t y ,  using the  appropriate  f a c i l i t i e s .  A 
po ten t i a l  c a p a b i l i t y  may be defined by the  a b i l i t y  of an organizat ion t o  
acquire  t h e  needed personnel ( t r a ined ,  experienced and/or having the  proper 
p re requ i s i t e s  t o  t r a in ing ) ,  as w e l l  as the  o ther  resources.  An R and D 
organizat ion demands d i f f e r e n t  c a p a b i l i t i e s  with a f ixed  o r  slowly changing 
set  of s k i l l s .  The c h a r a c t e r i s t i c  of changes i n  demand i s  t h a t  they be 
f a s t  ( v i r t u a l l y  over n ight ) ,  far-reaching (most of a l l  t he  a c t i v i t y )  and 
fundamental (a completely d i f f e r e n t  d i s c i p l i n e  as opposed t o  a r e l a t e d  one). 
Obviously, o rganiza t iona l  pol icy could d i c t a t e ,  maximize o r  minimize 
the  change i n  capab i l i t y .  The problem statement cen te r s  around t h e  way i n  
which one can p red ic t  and achieve a required change i n  capabi l i ty .  
many instances,  the knowledge of  e x i s t i n g  c a p a b i l i t y  contaminates the  
decis ion regarding d i r e c t i o n  and amount of change i n  capab i l i t y  des i red  
(e.g., L e t  us s t a y  i n  the  steam locomotive business,  as w e  have one of 
the bes t  engineering teams). Because organizat ions have a ’ s t r o n g l y  
conservat ive tendency, they are usua l ly  biased i n  t h e  d i r e c t i o n  of minimizing 
perceived change. 

In 

Another r e l a t e d  problem occurs as a research  program o r  development 
pro jec t  progresses through i t s  many phases. 
and D p ro jec t ,  designing, planning and high level technical  s k i l l s  are 
required.  Once t h e  o r i g i n a l  conceptual so lu t ion  and planning have been 
accomplished, many technica l  problems must be solved. Once the prototype 
equipment has  been designed, o r  t he  research methodology and apparatus have 
been es tab l i shed ,  a new set of s k i l l s  (usua l ly  of less complexity and 
technical  qua l i t y )  i s  required.  I f  t h e  p ro jec t  extends over a long period 
(e.g. f o r  f i v e  (5) o r  ten (10) years) ,  one may f ind  t h a t  many of t he  s k i l l s  
used i n  planning and developing the conceptual so lu t ion  are missing as people 
have l e f t .  The s k i l l s  required t o  develop new R and D p ro jec t s  are 

I n  the  e a r l y  s tages  of an R 

l s2This  concept was presented i n  expanded form by Rath and Rubenstein (1’364). 
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d i f f e r e n t  from those , requi red  t o  d e t a i l  out ,  conclude and synthesize them. 
I f  a change i n  s k j l l s  occurs,  the  acqu i s i t i on  of new p ro jec t s  i s  d i f f i c u l t ,  
and r ed i r ec t ing  one's e f f o r t  i n t o  a reas  requir ing a new capab i l i t y  i s  even 
more d i f f i c u l t ,  a s  there  i s  a high sunk cos t  (personal and physical)  which, 
whether appropriate  or not ,  leads t o  a reluctance t o  implement the  change. 

The whole matter i s  complicated f u r t h e r  i n  t h a t  a person may have 
several s k i l l s .  
usefu l  s k i l l s  o r  lose  him by f i r i n g  him o r  laying him o f f  i f  enough 
useful  s k i l l s  a r e  not  apparent. The prospect of being faced with a person- 
ne l  acqu i s i t i on  program through which one may hope t o  improve the  organiza- 
t i on ' s  capab i l i t y  may be less pleasant  than t h a t  of r e t r a i n i n g  and re- 
organization. 

One may e i t h e r  r e t r a i n  a person i f  he can acquire  enough 

The bas ic  manipulable u n i t  i s  a person; the  desired u n i t  i s  a capab i l i t y .  
The common elements are s k i l l s .  These concepts a r e  i l l u s t r a t e d  i n  Figure 1. 

An i l l u s t r a t i o n  of t he  r e l a t ionsh ips  between s k i l l s ,  c a p a b i l i t i e s  
and people i s  shown i n  Figure 1. People (A, B ,  C...) may be p a r t  of a 
given capab i l i t y  (I, I1 ... 111) o r  not. Capabi l i ty  I, fo r  example, requi res  
t h a t  c e r t a i n  s k i l l s  (e.g., 4,5,7,8,9,10) be present.  These s k i l l s  a r e  
acquired by assigning people who have t h e  s k i l l s  ( i n  t h i s  case E,F,G, 
H, J,  and K).  I f  one were h i r ing ,  one might be much b e t t e r  s a t i s f i e d  
with two people ( l i k e  L and M) a s  shown i n  Figure 2. 

The c a p a b i l i t y  requirements change as a funct ion of time. Tannenbaum -- e t  a l .  (p. 179, 1961) presents  an example of t i m e  dependent organization- 
a1 change. I n  the  ea r ly  meetings of the  T-group, problem solving i s  
attempted, f o r  example, i n  the f i r s t  meeting of a Management Team session;  

a r e  typ ica l  concerns (Tannenbaum, e t  a l . ,  p. 179).  I n  the  l a t e r  s tages  
the concern i s  no longer the  job, but themselves, "learning t o  be sens i t i ve  

A similar change seems t o  occur a s  organizat ions ages moving from a product 
t o  an in te rpersonal  or ien ta t ion .  
would show s k i l l s  changing, a s  w e l l  a s  people. The process of r a d i c a l  
change, o r  spin-off,  w i l l  not be covered here.  

.a discussion of o f f i c e  memos. e . I 1  and " t a lk  about l i n e s  of authori ty"  

and "seeing each o ther  d i f f e ren t ly . "  (Tanhenbaum, et &, , p. 186, 1961) a 

A t i m e  recording of grofip composition 

Because the changing of the composition of s k i l l s  decreases the  
d i f fe rences  i n  an organizat ion,  R and D, being a complex process, cannot 
e x i s t  i n  an organizat ion which does not  requi re  severa l  ex is t ing ,  d i f f e r e n t  
and ac t ive  c a p a b i l i t i e s .  Cataclysms such as break-up and r eo r i en ta t ion  
o r  even complete e rad ica t ion  have been recognized i n  the  h is tory  of R 
and D groups, 
ness of R and D have led t o  a new c l a s s  of problems t o  be defined, problems 
observed most f requent ly  i n  u n i v e r s i t i e s ,  usual ly  a t  the department o r  
school leve l .  More r ecen t ly  these new problems have been occurring i n  
i n d u s t r i a l  and m i l i t a r y  labora tor ies  and R and D complexes, 

This high frequency of d i sa s t rous  occurrences plus the  new- 

The process of R and D, i n  most instances,  progresses from a general  
conceptual and problem-solving l eve l  to a spec i f i c  d e t a i l i n g  of the  
solut ion,  One formulation of t h i s  process has been generated within the 
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Figure 1 

An illustrative diagram of 10 people with 10 skills, with one ca- 
pability which requires the skills. 
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Figure 2 

An i l lustrative diagram of 2 people with 6 s k i l l s .  
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Department of Defense (AFSCM 375-1, 1964). 
conceptual, definition and acquisition (engineering and production). 
Because each phase specifies what the next phase will do, the earlier phases 
require a higher-level set of skills. 
basic research and planning, 
engineering. 
engineering, followed by production engineering at a lower level. 

Three phases have been recognized: 

The conceptual phase requires both 

The acquisition phase requires a great quantity of detailed 
The definition phase requires much systems 

The survival of the R and D organization depends upon active, existing 
and different capabilities, but the change from technical to service orienta- 
tions and high level to low level personnel decreases the alternatives 
available. Differences between people are greater at the high technical 
level, than at the lower levels. The changes in the organization lead to 
the attraction and retention of lower level, less technical and more 
similar personnel. Individuals with similar backgrounds, experience and 
training are more apt to communicate in terms of the social reinforcements 
which shift emphasis from the technical interaction of professionals to 
the human relations interactions of friends (Blau and Scott, p. 138, 1962). 
The concern of the personnel is geared more to "Will he like this information?" 
than "Is it something I really need?" For example: 
with an exceptionally low turnover, accomodation between colleagues must 
be very high, When the main reason;for leaving is based on family (home) 
dissatisfaction, work conflicts cannot be too severe. A changing organ- 
ization, where the skills levels are being lowered, can be recognized by 
the recruiting level of aspiration, the area covered by recruiters and 
recruiting success. The success in recruiting which may come from hiring 
lower-level-compatible personnel is quite different from the achievement 
of building a high-level, heterogeneous group. The factors of self-selection 
and external selection accelerate the development of a homogeneous, 
demographic population, A series of informal, open-ended interviews were 
carried out to determine some of the characteristics of an R and D society, 
and these resulting statements must be used in planning a formulation 
or description. The interviews yielded a set of perceived operational 
rules used in an R and D society, which may be considered as policy 
statements or descriptive observations. As the statements came from 
several people in the same organizations, it is not surprising that 
some of them overlap and a few contradict. 
they have been grouped into six categories: 

In an organization 

For ease of interpretation 

1-0 Freedom and Local Autonomy 
1-1 Permissiveness is allowed (at higher levels) in the choice of 

assignments, tasks, and projects. 
1-2 Permission to do other work is generally allowed when time is 

available. 
1-3 Personnel at higher levels may use available resources. 
1-4 Bootlegging is possible. 
1-5 Personnel usually choose work which is the most fun. 

2,O Goals, Support and Criteria 
2-1 A high value is placed on ultimate goals, while a low value is 

2-2 Schedules are more important than costs. 
placed on intermediate ones. 
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2-3 
2-4 

2- 5 

3 . 0  
3- 1 
3- 2 
3-3 
3-4 

4.0 
4- 1 
4- 2 
4- 3 
4-4 

5.0 
5 - 1  
5-2 
5 - 3  

One is encouraged to raise his own money. 
If one cannot raise money, he should support a project perceived 
as useful by authority. 
If no useful project can be supported, one should show contributions 
to operations as an overhead expenditure. 

Orpanizational Set for Development 
Do not contract out your thinking. 
Maintain technical direction "from cradle to grave." 
Leave the resolution of conflicts to the latest possible time. 
Design simple, operable and maintainable products. 

World View 
One has a major responsibility to the customer. 
One should reference the greater environment. 
One should always feel free to criticize external planning. 
One should be willing to invest major resources in new areas. 

Other 
"Can do" attitude. 
- 
Creativity is good (in high levels). 
Sensitivity to personnel human relations. 

Systems Analysis, Simulation and Model Building 

Extrapolating involves observing the current state and past performance 
of an organization and predicting its future course. The sets of statements 
just enunciated must be embodied in a model to test their interactions and 
to operationalize their content. In addition, the organizational, physical, 
and human structures of the organization should be modeled. 

Before modeling, however, an analysis of the R and D society is 
necessary. The techniques developed by Hitch and his colleagues at RAND 
offer a useful structure for this purpose (Hitch and McKean, 1960). The major 
elements of all such analyses are as follows: 

a) Objectives: 
b) Resources: What are the human, financial, physical and 

environmental resources of the R and D laboratory? 
c) Models: What kind of structure, or theory or modus operandi 

characterizes their operation? (This will be structured at 
different levels and in a different manner, depending upon the 
analysis to be done). 

What are the goals of the R and D laboratory? 

d) Criteria: Who will evaluate the output and what are their standards? 
e) Output: What is the product of the R and D society? 
The descriptions of several research societies were reviewed by a panel 

The descriptions, illustrating the of members of the R and D organizations. 
terms in the systems analysis, are shown in Table I. 
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SOME MODFLS FOR ORGANIZATIONS 

Most model building has centered around a theory, a viewpoint, 
or a structure, but all these models have been constructed for purposes 
other than studying a research society. They are essentially the 
crystallization of ideas, as opposed to the development of tools. 
It will be instructive to consider some of the models which have been 
proposed in the light of the aforementioned purposes. Narch, Simon and 
Guetzkow (pp. 36-47, 1958) summarize the early, 'bureaucratic models 
of organization of Merton, Selznick and Gcsuldner. The general 
concern of these models is to explain the control device affecting 
organizational behavior. They deal with gross aggregations such as 
reward for control," "internatization of organizational goals by 
participants," or  "levels of interpkrsonal tension. '' 
no matter how richly developed, penetrating or useful these concepts 
may be, they are far from adequate in describing complete, existing 
organizations and predicting their future behaviors. 

I I  

However, 

An R and D society consists of entities (scientists, equipment, 
journals, etc,) and processes (invention, evaluation, report writing), 
and is therefore a highly complex organization, March, Simon and 
Guetzkow (1958) also develop many propositions and a series of sub- 
models which accent key consideratiorrs €or a total system model. The 
concepts found in their sub-models, which emphasize set, perceived prestige 
of the group, and interaction, shodd be considered in designing an 
R and D Organization model, but because many o t  the necessary concepts 
and entities are not operationally defined nor their relationships 
quantified, no direct use of their models is possible. Cyert and March 
(1964) achieve success in modeling the decision-making parts of firms, 
but the model does not detail all the major organizational components 
at the individual level. The R and D society emphasizes activities 
and interactions which differ in their ultimate products. The 
product of industry and commerce is goods and services. T'ne product 0 

of an R and D society is much more difficuit t o  deflre. 

Blau and Scott (pp. 40-43, 1962) consider nany typologies of 
organizations: the dimensions of private v s .  public.; size; purpose; 
source of personnel (volunteers, employees or consc r ip r s ) ;  sector 
(economic, political, religious or educational); p c a p l e  vs, 
object-directed charters (voluntary, military, phrlanthropic or 
corporations); and objective vs. means centered. These same 
authors choose a prime beneficiary viewpoint which classifies systems 
into mutual benefit association, business concerns, service organiza- 
tions and commonweal organizations. None of the typologies, however, 
seem to assist in the classification axnd analysis of R and D societies, 
even though they do describe some important attributes. Biddle (p. 172, 
1964) suggests that three types of conceptual systems are necessary to 
understand an organization: overt, cognitive and official. He further 
suggests that position, concepts of standards, and concepts of role are 
common to all three systems. 
by various indexes which fit several categories 05 which may have sub- 
units which fall into each category. 

A complex R and D organization may be studied 
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Collins and Guetzkow (p. 81, 1964) suggest that sources of 
organization problems may be generated either in the task environment 
or in the interpersonal environment; group behavior may thus be directed 
to either type of problem, with individual as well as group output 
yielding task environment and interpersonal rewards. Describing the environ- 
ments of and within an R and D society is a difficult but necessary task. 

Argyris (1965) develops an aggregate model, but he assumes technical 
competence, as he is more concerned with interpersonal behavior and 
attitudes, specifically with agression and competition between units. 
While the interpersonal aspects are important, the major differences 
between groups must also be accounted for. 

Schein (1965), in his review of models in social psychology, identifies 
four major models and proposes a synthesis. 
on multiple channels of interaction between the environment and the organ- 
ization (Schein, p. 90, 1965). Key elements include demands and constraints 
on raw materials, money, consumer preferences, expectations, values, norms 
of employees, task requirements, physical layout and equipment, all of 
which may be grouped into a technical system and a social system. The 
second model is based on Hornan's work. This model considers physical, 
cultural and technological systems (Schein, p.91, 1965). The sentimenrs, 
activities and interactions developed outside of the system are called 
the "external system." The "internal system'' corresponds with those 
sentiments, activities and interactions developed witho!i;t relation to 
outside effects (e.g., developing an informal organizationj. According 
to Schein (p. 93, 1965), Likert adds the systems analysis concepes of a 
hierarchy of systems to the concept of key people who "link" Organizations 
and environments. Lastly, Schein points out that the Kahn Overlapping- 
Role-Set Model adds the important concept of role sets (e.g., Role perceptions, 
role expectations, and role patterns are major factors in people's performance 
in organizations). Schein's (p.94, 1965) synthesis begins with the systems 
approach and views multiple, dynamic, interacting and hierarchical viewpoints. 
H i s  synthesis is a good check mark for the student of the R and 0 society. 

The "Tavistock Model" is based 

Roberts (1963), using Forrester's (1961) Industrial Dynamics nGde1, 
explores aggregate factors, such as capabilities of management, experience 
delays, motivation, and availability. The use of the Industrial Dynamics 
simulation model restricts the user to a process (difference equation 
viewpoint) and prevents him from isolating individual units. 

Boguslaw (p. 9, 1965) suggests four approaches to system design: 
the formalist approach, the heuristic approach, the operating unit 
approach, and the ad hoc approach. Viewing the R and D society as a 
system which we desi're to model, we may consider which approaches may be 
used. 
approach, but the heuristic approach uses a model in which the heuristic 
operates, and an operating unit viewpoint needs models of operating units. 
The manager or designer who may use any of the wide variety of approaches 
mentioned will benefit from a model of a research society. 

Systems models might be explicitly used only in the formalistic 

The "Levianthan" project (Rome and Rome, 1962) has studied an artificial 
organization with normal and social structures, where the "productive agents" 
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are given an organizational assignment and a skill description. Many 
of these concepts will be useful in simulating an R ar,d D organization. 
The use of computer simulation where the organization has been mapped 
is very significant, because it demonstrates the feasibility of modeling 
individuals in an organization setting (Gullahorn and Gullahorn, 1965). 
In the studies of role-conflict, use of the "Homunculus" model incorporated 
many human characteristics, showing the level of detail in individual 
interactions, but not including the dynamics of organizational interaction. 
Orcutt et a1 (p. 222, 1961) asserts that micro-analysis is the proper level 
of study for socio-economic systems and discusses the problems, dangers and 
disadvantages of aggregating phenomena. These concepts should be kept in 
mind for each model builder. His position is directly applicable to the 
problem of modeling an R and D society. The opportunity to develop such 
models will not only require major efforts in model building, but will 
also require much empirical study. 
hand in hand and should alternate until criteria are achieved. * 

Model building and data collecting go 

None of the models discussed have had the objective nor seem to have 
the capability of simulating an R and D organization at the level of detail 
needed to explore at the capability or skill level. 
been formulated, the theories which have been considered and direct exper- 
ience with R and D societies suggest several propositions, The explicit 
formulation of these statements, and their logical support may be achieved in 
a model of an R and D society. 
bility, we may test them empirically, using the model format, if appropriate 
to the desired test. The propositions are as follows: 

The concepts which have 

If the propositions pass a test of plausi- 

Proposition 1: 

Proposstion 2: 

Proposition 3: 

Required levels and variety of skills decrease as a 

Requiring low level skill performance from high level 

The pattern of resources required in an R and D 

function of project phase, 

people is easy. 

society depends on phases of projects. Therefore, an organization with 
one major project will require major changes in its resources structure. 
An organization with many major projects can balance resources and keep a 
constant structure. 

Proposition 4 :  Capability may be achieved by "essential decentrali- 
zation" (Shelly,1965) with competition and lack of constraints on growth or 
"centralization," which creates differentials and focus activities, eliminating 
competition. 

to a loss of capability. 

are eventually required if the organization as a whole is to survive. If the 
rate is too high it will never achieve a capability; if too slow it will not 
develop new, needed capabilities. 

Proposition 6 :  
to survive. 
ity does not exist. 

The general consequence is losing the high skill personnel. 

Sub-Proposition: 

Proposition 5: Major descriptions and dislocations of the skill structure 

Permissive decentralization with no competition leads 

A minimal distribution and quality of personnel is needed 
Some of the personnel required will not stay if a minimum capabil- 
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THREE MODELS FOR A RESEARCH SOCIETY 

Dif fe ren t  models serve d i f f e r e n t  purposes. I n  t h i s  sec t ion  three 
c l a s ses  of models which seem t o  be necessary f o r  simulating a research soc ie ty  
w i l l  be presented. 
models a r e  required,  how they may be used, how they a r e  i n t e r r e l a t e d ,  and how 
system simulation p r inc ip l e s  are c l a s s i f i e d  and evaluated. Several  d i f f e r e n t  
but r e l a t e d  models a r e  required t o  descr ibe a research society because of the  
complex r e l a t ionsh ip  between i t s  elements i n  an environment, including those 
r e l a t ionsh ips  pecul ia r  t o  the  decision-making u n i t s  and other  elements within 
the  required s t ruc tu re .  Each model w a s  chosen f o r  i t s  spec ia l  dimension o r  
s e n s i t i v i t y  t o  the  study of research soc ie t i e s ,  e i t h e r  i n  terms of da ta  col-  
l ec t ion ,  da ta  ana lys i s  o r  a s  a source of design pr inc ip les .  

The ensuing discussions w i l l  explain why three  types of 

The three  models t o  be discussed are as follows: 

a)  The in t e r f ace  (Black Box) Model. This model spec i f i e s  a l l  the  
inputs  t o  and outputs  from a system i n  g rea t  d e t a i l  without considering 
the s t r u c t u r e  of the  system's elements. The e l e c t r i c a l  engineers a r e  
concerned mainly with determining one equation tha t  r e l a t e s  inputs  t o  
outputs  ( t r a n s f e r  funct ion fo r  t h i s  type of model). 
b) The Functional System Flow (FSF) Model. This model emphasizes the  
r e l a t ionsh ips  between the parts oy elements of a system. 
c) The Goal-Seeking (ml-mg) ModelL. 
of ob jec t ives  o r  goals  of the  system i n  i t s  descr ipt ion.  

This model spec i f i e s  a s e r i e s  

Because each of the  three  models emphasizes a d i f f e r e n t  important charac- 
t e r i s t i c  of a system: inputs/outputs ( I / O ) ,  ob jec t ives ,  and s t r u c t u r a l  
r e l a t ionsh ips ,  a l l  th ree  have important uses. 

Mode 1 s 

Models may serve a s  a frame of reference f o r  descr ip t ions  and analyses 
of a research society.  
hypothesis generation and predic t ion  of organizat ional  behavior.. 
models should be: 

The models e s t a b l i s h  a s t ruc tu re  f o r  da ta  gathering, 
Useful 

1. Operational - allowing the  user  t o  measure a l l  concepts, e n t i t i e s  and 
a t t r i b u t e s  

2. R e a l i s t i c  - embodying the  key fea tures  of t h a t  which i s  being modeled 
i n  a manner t h a t  i s  recognizable and opera t iona l ly  def inable  

3 .  Modular - allowing the  user t o  abs t r ac t  a t  d i f f e r e n t  l eve l s  the  im-  
por t a n t  elements 

4 .  Predic t ive  - allowing the  user  t o  p red ic t  the  behavior of the  r e a l  
system under a moderately chaqged o r  completely new s i t u a t i o n  

5. S a t i s f i a b l e  - allowing the user  t o  manipulate the elements of the  
model i n  order  t o  achieve a s a t i s f a c t o r y  funct ion performance 

A successful  model must include a l l  the  key c h a r a c t e r i s t i c s  of a system 

'1 am indebted t o  M. 0. Mesarovic f o r  h i s  a s s i s t ance  i n  formulating many of these 
ideas. 
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and i t s  elements s o  t h a t  the major funct ional  c h a r a c t e r i s t i c s  of the 
real-world system which it is t ry ing  t o  simulate are represented. 

The model must operate a t  two levels :  

1. Organization level, showing t h e  s t r u c t u r e  of the individual  
decision-making uni t s  (people) as  they r e l a t e  t o  each other 

2. Decision-making uni t ,  showing the r e l a t ionsh ip  of the decis ion 
maker t o  its immediate environment (i.e., inputs,  outputs,  re- 
l a t i o n  t o  next lower level ,  r e l a t i o n  t o  next higher leve l )  

Pr inc ip les  

To descr ibe a research society,  a set of d i sc ip l ined  p r inc ip l e s  is  

of ac tua l  operations,  or  experimentation (wherein an attempt i s  made t o  
r e p l i c a t e  the  real-world) a re  exce l len t  sources. System p r inc ip l e s  may 
a l so  be deduced from theory. 
and hypotheses must be gathered; however, those which appear t o  be t e s t -  
able  should be preferred.  

. necessary. System p r inc ip l e s  may be derived empirically.  Observation 

Fon t he  proposed simulation, many p r inc ip l e s  

Syssem p r inc ip l e s  may be c l a s s i f i e d  as: 

1. Existent:  These a re  p r inc ip l e s  which express the  necess i ty  t h a t  
re la t ionships  o r  elements must e x i s t  i n  order fo r  the organiza- 
t i o n  t o  perform c e r t a i n  missions o r  t o  meet i t s  objec t ives  (e. g., 
a test range). 

t h a t  within the  organization c e r t a i n  s t r u c t u r a l  r e l a t ionsh ips  must 
ex is t  (e. g., p a r a l l e l  l abo ra to r i e s ) .  
State:  
s t a t e  of the organizat ions v a r i e s  under d i f f e r e n t  conditions (e. g., 
e f f e c t  of d i f f e r e n t  s i z e  budgets). 
Parametric: 
(useful,  dangerous, etc.)  f o r  the parameters which a re  recommended 
f o r  the s t r u c t u r e  (e. g., maximum s i z e  for each department). 

2.  Struc tura l :  These a re  p r inc ip l e s  which express the  requirement 

3 .  These a r e  p r inc ip l e s  which descr ibe the way i n  which the  

4. These a r e  p r inc ip l e s  which provide the  range of values  

Each system p r inc ip l e  must be evaluated i n  terms of four c r i t e r i a :  

1. Broad: usable f o r  the  required range of problems 
2. Reliable: work upon successive r e p e t i t i o n  
3 .  Valid: apply t o  the main mission of the  organizat ion 
4 .  Economical: studying the p r inc ip l e  should not cos t  more than 

operating the  r e a l  system. 

The In te r face  (Black Box) Model 

The Black Box Model (Goode and Machol, 19571, stemming from the  t r a n s f e r  

On the  other  
function approach rout ine ly  used f o r  many s i m p l e  problems, i s  general ly  in-  
adequate t o  descr ibe a research soc ie ty  or  its dec is ion  makers. 
hand, the  in s i s t ence  upon a c l e a r  spec i f i ca t ion  of a l l  f ac to r s  a f f ec t ing  the  
systems (inputs,  e. g., requirements from the  operat ional  un i t s )  and a l l  other  
areas a f fec ted  (outputs, e. g., spec i f i ca t ions  f o r  pa r t s )  i s  important i n  
gathering da ta '  and descr ibing complex systems. Further,  the descr ip t ion  re -  
quires  t h a t  an attempt be made to t r a n s l a t e  a l l  ex te rna l  fac tors ,  including the 
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environment, t o  a common base, 
system, i n  fonnal terms, is  ca l l ed  the  t r ans fe r  function. Transfer functions 
a re  not normally der ivable  and manipulable i n  r e a l  and complex systems. 
complexity of t he  embedding environment has been i l l u s t r a t e d  f o r  the case 
of a large,  decentral ized corporation (Rubenstein and Radnor, 1964). 

The representa t ion  of what occurs within the 

The 

The Functional System Flow (FSF) Model 

A func t iona l  system flow (FSF) model t r aces  the flow of a spec i f ied  
The re la t ionship  re la t ionship  from the  input t o  .the output of a system. 

may be information flow, orders flow, power flow, sequence flow, e t c .  
(e. g., Forrester ,  1961). TMe: e&ements:,of.lan FSF model a r e  as follows: 

a) The inputs  and outputs, as defined i n  the  Black Box model, 
re levant  t o  the p a r t i c u l a r  flow being modeled. Generally, 
the  FSF model w i l l  always have l e s s  emphasis on I/O's than the  
in t e r f ace  model. 

b) E n t i t i e s ,  which a re  defined a s  those system elements which t rans-  
form o r  modify the flow (a l so  ca l led  nodes), and items t h a t  flow 
(e. g., s c i e n t i s t ,  machine). 

c) Attr ibutes ,  which a re  the  c h a r a c t e r i s t i c s  of e n t i t i e s  (e. g., s k i l l s  
of the s c i e n t i s t ,  p robabi l i ty  of a piece of experimental apparatus 
breaking, down). 

d) The d i r e c t i o n  of flow, which e s t ab l i shes  the  re la t ionships  among 
t h e  e n t i t i e s  or the  s t r u c t u r e  ( a l so  ca l led  l inks)  (e. g., rout ing of 
a sample through the  chemistry lab) .  

A funct ional  system flow model ex t r ac t s  some system c h a r a c t e r i s t i c s  
which i n  many cases a r e  judged t o  be e s s e n t i a l  o r  cen t r a l .  The descr ip t ion  
then proceeds t o  t r ace  through the system flow and iden t i fy  the operators  
of i n t e r e s t .  
bas i s  of the  ana lys i s  of information systems and i s  the approach of the sys- 
tems engineer who t r aces  funct ional  flow throughout a system, 
can descr ibe v i r t u a l l y  any cowplex system and is l i m i t e d  only by the time and 
e f f o r t  needed. Mariy techniques, l i k e  computer programming and PERT, use the 
FSF model as t h e i r  bas i s .  

Generally speaking, information flow o r  decision flow i s  the  

This technique '* 

A Black Box ana lys i s  of an R and D lab has much t o  do before the next 
s tep may be taken. 
information environment of the p ro jec t  engineer. 

On the  other  hand, a t  the FSF leve l ,  Figure 3 d e t a i l s  the 

'This da t a  was col lec ted  from discussions with government R and D lab 
personnel. 
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A series of interviews with Pro jec t  Engineers, as i l l u s t r a t e d ,  y i e lds  
the  following incidents .  Data l i k e  t h i s  (o r  t h e i r  p o s s i b i l i t y )  must be 
incorporated i n t o  the  model. 

INCIDENTS 

Requirement Outcome 

letter 

d a t a  about a cont rac tor  
-. 

search f o r  b i d  spec i f i ca t ions  

gadd requested da ta  
inc idents  

looked f o r  book 

science da t a  

da t a  

coordinated very quickly 

ca l l ed  f r i end  and found 
information r i g h t  away 

r e t r i eved  a l l  re levant  
items 

on boss 's  desk, j u s t  re- 
ceived i n  m a i l  

found good da ta  

found da ta  i n  one c a l l  and 
four hours 

requested da ta ,  go t  names 
and phones from people who 
could furn ish  information 

request  f o r  f i l m  

purchase of l ab  equipment 

9 
a t t end  meeting 

used a b s t r a c t  
bad 
inc idents  refer enc e 

scheduling 

look f o r  r epor t  

look f o r  form 

could not f i nd  

lack of information led t o  
delay i n  buying 

na information on it - waste 
of t i m e  

r epor t ,  i n  f a c t ,  was not  good 

could not  f i nd  

lack of information 

boss had i t  

cannot f ind  



One small por t ion  of an R and D soc ie ty  i s  the  personnel recruitment 
and turnover sub-system. 
change the  composition of an organization. An FSF model showing t h i s  
process i s  shown i n  Figure 4 .  This same model i s  presented i n  terms of a 
SIMSCRIPT formulation i n  the  lat ter port ion of t h i s  discussion. The model 
shows people (who have s k i l l s  and experience) being processed by personnel 
The people required,  as spec i f ied  by the labora tor ies ,  a r e  based on job 
requirements and e x i s t i n g  personnel. The number and type of ex i s t ing  per-  
sonnel are af fec ted  by the separat ion and t r a n s f e r s  which occur. The 
number of separat ions and t r ans fe r s  depends-upm the  '$ob -demands arid-pey- 
sonnel environment. 

A s e r i e s  of changing job demands w i l l  u l t imately 

The Goal-Seeking (ml-mg) Model 

To understand the d i f fe rence  between the  previous models, which a r e  
"cauaal," and the  new model t o  be introduced, which i s  "goal-seeking," nne 
must def ine  severa l  terms. A goal-seeking system i s  one which must pen- 
e t r a t e  within the  system boundaries i n  order  t o  e s t a b l i s h  purposive, tech- 
nological  o r  goal-seeking elements (e. g. ,  a s c i e n t i s t  wants knowledge). A 
causal system cons i s t s  of observing causes and e f f e c t s ,  and der iving a mech- 
a n i s t i c  descr ip t ion  of the  transformation. Causal systems cannot change 
t h e i r  s t ruc tu re .  Goal-seeking systems may change t h e i r  s t ruc tu re .  S t ruc tu ra l  
changes include organizat ions of par ts ,  c r i t e r i a ,  inputs  received, u t i l i t i e s  
and o ther  bas ic  c h a r a c t e r i s t i c s .  V i r tua l ly  a l l  systems may be viewed e i t h e r  
way, o r  p a r t s  of a system may be viewed i n  d i f f e r e n t  manners. A common prac- 
t i c e  i n  the  goal-seeking approach i s  t o  a l l o c a t e  c e r t a i n  funct ions t o  a causal  
p a r t  of the  system. A goal-seeking system may be c l a s s i f i e d  by the  complexity 
of the  hierarchy of the  goal-seeking elements, as shown i n  Figure 5. The 
s ing le  l eve l ,  i .e.,  s ing le  goals  seeking model, i s  adequate f o r  s ing le  ob- 
j ec t ives ,  bu t  a mult i - level  (ml) multi-goal(mg) model i s  needed t o  descr ibe 
ac tua l  organiza t iona l  behavior. 

,' 

Generally speaking, one may descr ibe the causal  p a r t  of a system by the 
funct ion Y = Q (X,S,P). 

- Y is  the  output of the  system. - X is  the  input of the  system ( including the environment). 
CJ i s  the s t ruc tu re  of the system (only a self-organizing system may 

- S i s  the  state of the  system ( t h i s  c h a r a c t e r i s t i c  r e f l e c t s  t he  accumulated 

- P is  the parametric set of the  system (which e s t ab l i shes  the  quan t i t a t ive  

change i t s  own s t ruc tu re ,  and no algorithms e x i s t  t o  optimize s t ruc tu re ) .  

changes of the system, such as capabi l i ty ,  memory and experience). 

c h a r a c t e r i s t i c s  of the s t r u c t u r e  (Q) ,  which can be optimized). 

The l eve l  of ignorance regarding the f i v e  var iab les  discussed allows one t o  
c l a s s i f y  systems as: 

1) Closed: a l l  elements known. 
2) Open: 

3) No System: not  even the  c l a s s  of elements i s  known. 

n o t  a 1 elements known but  the  set t o  which the  elements belong h i s  known (XEX) . 

For the  purposes of studying research s o c i e t i e s ,  one needs a model which i s  
open, i n  order t o  deal  with an uncertain environment. For purposes of ana lys i s ,  
one may wish t o  put the  system i n t o  c e r t a i n  r e s t r i c t e d  environments t o  allow the  
ana lys i s  to proceed properly on a closed-system bas is .  
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To develop a complete, expanded model, other major elements must be 
defined: 

is the description of all possible inputs to the system. 
is a specific decision (or order generally directed to the causal 
system). 
is the set of possible or allowed decisions(m). 
is the set of allowed ratio of generalization to prediction in the 
adaptor. 
is the error found in the system performance. 
is the strategy passed on. 
are the utilities or values of each function or entity. 
is the tolerance or criteria for acceptable performance. 

Having defined the.key terms, one can now consider a reasonably com- 
plex model. 

A self-organizer model is a complete decision-maker in all its pos- 
sible complexity. 
required is simpler, the uncertainty set has been changed (reduced), the 
system tolerance increased, and the utility function relaxed. The simp- 
lified models contain fewer functions. Mesarovic' discusses this model in 
detail elsewhere (Mesarovic, Sanders, Sprague, 1964). 

A simpler configuration exists when the decision set (Om> 

The self-organizer is the first level, goal-seeking unit. It is con- 
cerned with determining the utilities (4) , the decision sets (nm), the adaptor 
configuration set (ha> and the level of satisfaction (a). The values or 
worth (4) of every functional requirement must be prepared. A block diagram 
of the model in Figure 6 shows the adaptor-configuration set (h 1, which 
establishes predictors and/or generalizations which will be use$; .n 
is the decision set (i.e., establishes whether the possible decisions will 
be allowed out of the system); and a, which is the level of satisfaction or 
level of performance which will satisfy the system performance values. 

m' 

The second level unit is the adaptor which consists of two elements, a 
predictor and a generalizer. The function of the adaptor is to improve the 
ability of the system to deal with uncertainty. Both the predictor and 
generalizer are concerned with establishment of the uncertainty set (nx) (i.e., 
the set of information which the system might be receiving at some future time). 
Extrapolations on the basis of a given algorithm from present and recent past data 
are normally called predictions, as opposed to generalization, which is an exam- 
ination of the functional characteristics of a set of data in order to establish 
the basic relatfon which will generate future data. 

The third level unit, the decision maker, is the tactician, who directly 
controls the causal system. The decision maker consists of three parts: 

1. An evaluator, which, given the utilities (q) received from the 
self-organizer, the decisions made by the decision maker, and the 
performance generated by the system, gives information to the 
decision maker on how well it is doing. 
The decision maker proper, which is concerned with establishing the 
strategies to be used in pursuing the goal as specified by the de- 
cision set, level of satisfaction, the utilities, and the uncertainty 
set. 

2 .  
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3 .  The optimizer, which is a mathematical operator which carries out 
optimization functions to achieve the utilities (4) as closely as 
specified by 2 and the decision maker. 

The causal system consists of working elements which actually operate 
on the information that comes out as the input. 

Two transformations occur in the input and the output. One is data 
transformation; the other ia transformation from information to data. Both 
transformations are classified as transducers, which are external to the 
self-organizing system, but in many cases will be related to them. This 
general functional description can describe virtually any decision maker a- 
lone or as part of an ml-mg system. 

The ml-mg analysis will indicate whether certain goals, relationships, 
and objectives which are necessary have been incduded or omitted. 
model will point out whether the system designed is sensible within the 
state-of-the-art and whether the relationships which exist are possible from 
a technological viewpoint. 'The Black Box approach states the initial problem 
and emphasizes the environment in whJch the system operates. 

The FSF 

The importance and rate of development of models has been increasing in 
several parallel directions. The Interface (Black Box) Model, the Functional 
System Flow (FSF) Model, and the Goal-Seeking (multi-level multi-goal) Model 
can make major contributions to the task on hand. In a manner analogous to 
a problem in physics, where two viewpoints are necessary to discuss the nature 
of light, where wave theory explains some aspects and particle theory others, 
these three models seem helpful in describing the complex phenomena under con- 
sideration. The Interface Model stems from a practical engineering approach. 
The FSF Model is one of the techniques for analysis and synthesis of command 
and control systems. The goal-seeking approach attempts to use a purposive or 
teleological consideration as a major simplifier of the description, and allows 
one t o  describe very complex behaviors with a number of reasonably well-defined 
elements. For the purpose of describing research societies, R and D laboratories, 
and other complex adaptive systems the ml-mg model seems to be an appropriate ad- 
dition, but at this level many of the other models could be used also. 

3.0 Reasons f o r  Simulating a Research and Development Society 

It has been suggested that "Although our eventual goal is the statement 
of laboratory management problems in a mathematical or computer language, it 
appears that this goal is currently better served by adopting a framework which 
excites the imagination, lets new associations be formed, calls upon intuitive 
insights and avoids administrative cliches rather than by adopting an exclusive 
insistence upon rigor and exactness before we have a good indication as to 
what avenues might justify the substantial efforts required to achieve exact- 
ness." (Shelly, 1965) 

The inertia of exactness of mathematical models and the severe restrictions 
imposed by them do rule out mathematical models for many solutions. 
mathematical and simulation models is imperative and not restrictive if they are 
used as guidelines and objectives rather than as unique methods of solutions. A 

The use of 
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discussion of simulation and models in general is in order. 

3.1 Reasons for Simulation 

Simulation serves as a valuable adjunct to experimentation and theory 
building. The following are some of the reasons for using simulation: 

3.1.3 Predicting Ob servab le 
Phenomena from the 
Theory or Model 

3.1.1 Detailing Predicted One cannot closely observe some 
Phenomena phenomena, such as rocket motor 

failures, interstellar interaction, 
or details of the future growth of 
an R and D society. 
Simulation may be used when it is 

omena to a theory. A model of an 
R and D lab may be built even though 
it cannot be fully described in 
closed mathematical form or in terms 
of any existing theory. 
It is sometimes impossible to go 
directly from a theory or model to 
operational predictions. The 
simulation allows one to "reduce 
it to practice." For example, the 
prediction of department size depends 
upon the skills of the personnel 
who are required to meet the ob- 
jectives. of the department. Certain 
skills, such as those of an experi- 
mental physicist, may require a larger 
supporting staff than those of a test 
engineer. Thus a shift in skill com- 
position from experimental physicist 
to test engineer may greatly alter de- 
partment size. 

3.1.4 Performing Experiments Some experiments, such as war or inter- 
to Test the Theory planetary travel or several alternative 

3.1.2 Creating a Model to 
Explain the Phenomena not possible to reduce the phen- 

changes to an R and D society, cannot be 
conducted in actuality. A simulation 
allows one to try. 

3.1.2 Simulation may be used to assist the management scientist, in new 
areas, as a basis for orientation and organization. He may use it to: 

3.1.2.1 develop a description language 
3.1.2.2 gain familiarity with the phenomena 
3.1.2.3 determine the data required 
3.1.2.4 determine which variables are significant (sensitive). 

3.1.3. There are several pragmatic reasons for simulating: 

3.1.3.1 It is a good training device for the practitioner and user. 
3.1.3.2 It is sometimes cheaper to simulate than to pilot plants or to 

3.1.3.3 It may be used to check analytic solutions. 
3.1.3.4 It may be used to demonstrate the feasibility and promise of 

experiment. 

projects in order to "sell them." 
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3 . 1 . 3 . 5  It can p red ic t  t rouble  areas.  
3 . 1 . 3 . 6  It can provide cont ro l  f o r  t i m e  processes; f o r  example, 

speeding up a growth process, o r  slowing down atomic 
phenomena. 

Many ea r ly  examples of simulation may be reviewed i n  Morgenthaler (1961). 
. 1 .  

3 . 2  The Basic Structure  of Simulation 

A l l  s imulations have a set of common elements, concepts, operations,  
and requirements. 
fo r  fu r the r  analysis .  

A series o f .de f in i t i ons  w i l l  be given t o  e s t a b l i s h  a bas i s  

3 . 2 . 1  Primit ives  of Simulation languages 

Every simulation language must enable the analyst  t o  cover severa l  
major elements: 

3 . 2 . 1 . 1  Entity:  

3 . 2 . 1 . 1 . 1  Recipient of behavior o r  act ion,  such as a t ransac t ion  
i n  the  GPSS (1963) language o r  l ikeness  t o  a noun in 
English (e.g., an idea, o r  a pro jec t ,  or  a person). 

or  l ikeness  t o  a verb i n  English (e.g., a machine too l  
(produces), a weapon (destroys),  or  a person (performs). 

3.2 .1 .1 .3  Attr ibute ,  the  permanent o r  temporary cha rac t e r i s t i c s  of 
an e n t i t y  (e.g., the  time a p ro jec t  w i l l  take or  i t s  cost ,  
the  s k i l l s  of a s c i e n t i s t ) .  

3 . 2 . 1 . 1 . 2  That which ac ts ,  l i k e  a block i n  the GPSS language 

3 . 2 . 1 . 2  Structure:  A series of ru l e s  which describe the allowed 
d i rec t ions  of movement of e n t i t i e s  or  the  re la t ionships  between the p a r t s ,  
e.g., the  organization of a laboratory (formal-informal, decis ion s tudies ,  
procedural, e tc . ) .  

3 . 2 . 1 . 3  Clock: A clock i s  needed to  pace the  simulation and t o  
coordinate the a c t i v i t i e s .  

3 . 2 . 1 . 4  Flow: (e.g., something moves o r  changes i n  a l l  processes: 
chemicals, R and D soc ie t i e s ,  ideas,  people). Flow, sequence o r  ordering 
spec i f i e s  the successive movement i n  time o r  space of e n t i t i e s  with which 
other  e n t i t i e s  i n t e r a c t ;  the defined elements allow one t o  "privately" s i m -  
u l a t e  a system. Every system may be simulated with e n t i t i e s ,  s t ruc ture ,  a 
clock, and flow. 

3 . 2 . 2  Meta Primit ives  

In addi t ion t o  the  pr imi t ives  needed t o  bui ld  a simulation, fu r the r  
fea tures  are necessary t o  a l low them t o  be public.  
can ne i the r  be maniupulated nor observed is  useless.  

A "private" s t r u c t u r e  which 
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3.2.2.1 Inputs 

A simulat ion must be exercised t o  be useful .  One must 
be ab le  t o  set up s i tua t ion ,  present  data,  organize 
circumstances t o  t es t  po l i c i e s ,  s t ruc tu res ,  o r  whatever i s  
appropriate .  I n  studying a research  soc ie ty  one may wish 
t o  vary the  p r o b a b i l i t i e s  of r e c r u i t i n g  c e r t a i n  s k i l l s ,  
dupl ica t ing  the  f i s c a l  cycles  f o r  the last  5 years  or  re- 
organizing the laboratory.  The simulat ion requi res  access 
t o  changing the  system, the environment o r  both. 

3.2.2.2 Activit ies Records 

A simulat ion y i e lds  much more than the  f i n a l  state of t he  
system. One must be ab le  e a s i l y  and se l ec t ive ly  t o  record 
and d isp lay  the  behavior of e n t i t i e s  and t h e i r  a t t r i b u t e s ,  
I n  some cases a l l  the  h i s t o r y  should be recorded; i n  o ther  
cases, only p a r t s  (e.g., one might wish t o  record the mean 
and range or  personnel i n  each department every year  during 
the  l i f e  of the laboratory) .  

3.3 Factors  Affecting the  U t i l i t y  of a Simulation Language 

3.3.1 The System Concepts 

3 . 3 , l . l  The po in t  a t  which a s p e c i f i c  configurat ion is chosen, the 
temporal c h a r a c t e r i s t i c s  of e n t i t i e s ,  and the cont inui ty  of 
t i m e  on mathematical power are key considerat ions i n  evalu- 
a t i n g  a language. The l eve l  a t  which e n t i t i e s  are developed 
a f f e c t s  the f l e x i b i l i t y  of the simulation. In  a "simulator 
defined system" one dea l s  with t h e  s p e c i f i c  e n t i t i e s  designed 
(e.g., t h e  programmer bui lds  it t o  descr ibe a s p e c i f i c  R and D 
laboratory) .  I n  a "user defined system," the user  descr ibes  
t h e  program. (He se ts  up the  configurati 'bn of t he  lab  he 
wants t o  study.) 
even more f l e x i b i l i t y  i s  achieved, wi th  the  h ighes t  level 
occurr ing i n  systems when changes occur during running. 

I n  systems def ined a f te r  pre-processing, 

3.3.1.2 The permissible  c h a r a c t e r i s t i c s  of e n t i t i e s  and t h e i r  a t t r i -  
butes,  whether temporary or  permanee, may g rea t ly  a f f e c t  
e f f ic iency .  

3 . 3 . 1 . 3  The concept of t i m e  used i s  important. Continuous t i m e  allows 
f o r  simultaneous processing of act ivi t ies ,  bu t  may waste much 
t i m e  during "uninterest ing periods." Discrete t i m e  moves from 
one s i g n i f i c a n t  event t o  another, but  i t s  ef f ic iency  leads 
towards t h e  loss of the  d e t a i l  which was not  o r i g i n a l l y  planned. 

3 . 3 . 1 . 4  The range and power of mathematical and log ica l  rou t ines  are 
important va r i ab le s  i n  determining system usefulness.  
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3 . 4  Ease of Use f o r  Simulation 

Several  c h a r a c t e r i s t i c s  of simulation w i l l  a f f e c t  t h e i r  ease of use.  
Simulating an R and D soc ie ty  requi res  the  minimization of a s  many d i f f i c u l t i e s  
a s  possible  i n  the  use of the  language, fo r  the  complexity i s  c lose  t o  over; 
whelming. Di f fe ren t  languages o f f e r  fea tures  which a r e  e i t h e r  unique o r  which 
d i f f e r  i n  power. A review of these f ea tu res  i s  important, so t h a t  one can con- 
s ide r  whether simulation i s  appropriate  and, i f  so, what language should be 
chosen. 

Features t o  be considered, v a r i a t i o n  i n  terms of  the  S t ruc ture  of the  
simulation t o  be programmed: 

3 . 4 . 1  Modularity ( the  a b i l i t y  t o  combine p a r t s  of the  program wr i t ten  

3 . 4 . 2  I n i t i a l i z a t i o n  ( the  s t ruc tu re  t h a t  allows one t o  spec i fy  the  

3 . 4 . 3  Size  l imi t a t ions  of problems, var iab les ,  parameters, e t c . ,  i s  

3 . 4 . 4  Variable names for  parameters, va r i ab le s ,  e t c . ,  a r e  he lpfu l  i n  

3 . 4 . 5  Amount of s torage space used i n  compiling a f f e c t s  the  length of 

3 . 4 . 6  Packing o r  words ( I n  la rge  programs, allowing the  use of parts 

by var ious people o r  wr i t t en  a t  d i f f e r e n t  times) 

i n i t i a l  conditions i n  d e t a i l ,  ins tead of having t o  "warm i t  up") 

c r i t i c a l .  

using and explaining the  language. 

the program used or  the  ease of bui lding it. 

of a word i s  very important f o r  l i s t  processing and e f f i c i e n t  
use of the  computer.) 

use i s  a g r e a t  saving.) 

e n t i t i e s  i s  very helpful . )  

e n t i t i e s  and types of summary s t a t i s t i c s  i s  very important.) 

This may be computer o r  a language l imi ta t ion .  

3.4..7 Dimension-free a r rays  (Not having t o  save space which i s  not i n  

3 . 4 . 8  Temporary and permanent e n t i t i e s .  (Not having t o  keep used-up 

3.4. .9 Form. (The a b i l i t y  t o  specify the  output form, the  path of the 

3 . 4 . 1 0  Form. (The a b i l i t y  t o  punch cards  and p r i n t  tapes of the  h is tory ,  
ana lys i s ,  and s t a t e  of t he  system i s  very important.) 

I V .  A TAXONOMY OF SIMULATION LANGUAGES 

Many types of simulations e x i s t .  A taxonomy f o r  simulation w i l l  be 
he lpfu l  i n  focusing on the  type of languages which should be used by the  
student of R and D. A s e r i e s  of s t eps  proceeds from the  man-machine dichotomy 
through the  analog-digital-hybrid continuum t o  the types of languages. 
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The family tree of simulation: 

SIMULATION 

Non-mac h ine Machine 

I (International Simulation: 
War Games) 

Man-mac hine 

Functional 

2. Inventory Control 
Spec if ic Simulation Languages 1. GE/IBM Job Shop (FORTRAN 

I IPL-V) 

Con t inuous** 
1. DYNAMO(M1T) 

Discrete 
1. SIMSCRIPT (RAND) 
2. CSL (Control & 

Simulation Languages) 
(RAND) 

3 .  GPSS (IBM) 
4 .  SPMPAC (Systems Devel- 

opment Corp . ) 
5. MILITRAN (Computer 

Sciences Corp. 1 * 
*Newly Announced. 
**Continuous System: one in which every basic variable is continuous and possesses a 
first derivative with respect t o  time. In other words, the state of the system is 
given by the levels of these continuous variables at any part in time, and one may 
not conceive of any discrete changes in this state. 



28. 

While many simulation languages have been developed, the ones listed 
under the heading of Simulation Languages are the best known and most 
representative of those used today and are of special interest to the simulation 
of R and D societies. 
with a ,MY of thinking about his system. All except DYNAMO are basically dis- 
crete simulation languages. DYNAMO, the only continuous simulation language, is 
closed loop, patterned as an information feedback system. Its author used and 
recommends it for detailed comparisons of language. 

Each involves a "World View" which provides the user 

SIMSCRIPT and CSL are the most flexible (more "set" oriented) languages. 
SIMSCRIPT is available on a variety of machines, but CSL is virtually unavail- 
able to most users. GPSS, which is available on IBM 709, 7090, provides an 
easy conceptual framework and is more powerful on problems within its range. 
SIMPAC, while highly specialized, allows more general concepts than GPSS. 
DYNAMO does not.possess the.descriptive capabilities of the others, but has 
extensive capacity for continuous feedback systems. 
if one can formulate the problem as difference equations, he should probably 
use this language. 

It is very accessible and 

Other variables should also be considered in these simulation languages. 
In regard to storage and retrieval of data, SIMPAC is the most flexible, fol- 
lowed by SIMSCRIPT. GPSS 11, with its fixed parameters, is restricted but 
simple to use. In consideration of arithmetic operations, SIMSCRIPT and CSL, 
which use FORTRAN, are the most powerful. GPSS uses variable statements and 
allows for computation. SIMPAC uses symbolic coding. DYNAMO has a fixed set of 
equation types and may be confining. In regard to Sort Operations, SIMSCRIPT, 
CSL and SIMPAC are all flexible, while GPSS utilizes blocking teckiniques. 

While all these languages have arithmetic testing, each is strong in dif- 
ferent areas. Only GPSS has direct delay until a successful test (gate) is 
cleared. Only DYNAMO revises the values of variables. 

If we rank by ease of use for simulation: 

1. 
2. GPSS is the most highly structured. 
3. 

SIMSCRIPT has special commands for developing and computing time. 

DYNAMO is the easiest to use if the dynamics of'the system are known. 

SIMSCRIPT and CSL are most difficult to use, although more flexible. 

CSL has similar commands, plus the ability to maintain histograms (dis- 

SIMPAC can produce output tape 
tributions of transit times). GPSS also maintains queueing and equipment utili- 
zation data and computes summary statistics. 
which can be subsequently analyzed by programming. 
stat is t ic s . DYNAMO does not compute 

. 
DYNAMO is the most efficient language because it is the fastest, while 

SIMSCRIPT is very efficient in memory utilization. GPSS allows modification on 
each run, but CSL and SIMPAC must be recompiled to change the structure. 
can make many changes through initialization; DYNAMO permits limited changes at 
each run. DYNAMO, however, is very hard to debug. GPSS is very good to debug, 
because it gives a strongly detailed error output in source language. 
SIMSCRIPT and CSL require the user to work with FORTRAN programs for debugging, 
SIMPAC's macro-construction requires the user to work the difficult SCAT language. 
The Simulation of an R and D society would probably be best carried out in 
SIMSCRIPT or GPSS 111. 

SIMSCRIPT 

While 

Before deciding to do so the check list contained in 



29. 

Appendix A should be applied. 

From the discussion of the level and detail of the simulation of the three 
models of an R and D society, the suggested level is that of people as entities 
or blocks, and skills as parameters or attributes. Facilities, jobs, money, 
time, outputs (reports, specifications), control and-information flows should 
be worked out and the immediate environment added. 
the required program will tax an IBM 7094 and should be handled on a large IBM 360. 

The complexity of the problem of building a model of an R and D organiza- 
tion is matchedby the magnitude of the data problem. 
society may serve as a model for the data structure, and an information system 
to process and service the data requirements must be developed for the simula- 
tion project. 
tion of a Black Box or FSF model is critical. Current advances in information 
retrieval should be applied t o  insure efficiency and power to the system. 

The size and complexity of 

The model of the R and D 

Careful structuring of data to serve as the basis for the simula- 

McGrath (1964) suggests that computer simulation is a third stage of a 
five stage process or programmed research, and that its special utility is in 
the elaboration and refinement of theoretical models. The approach suggested 
here is that a simulation has a'role in each stage. It does not replace, but 
complements field studies, experimental simulations and laboratory experiments. 

Using McGrath's stages, one can suggest how simulation may be appropriately 
carried out at each level: 

TABLE 2 

Stage (McGrath, 1964) 

1. Exploratory studies when 
little is known of phen- 
omena 

2. Follow-up studies for pre- 
cise testing of hypothesis 

3 .  Elaboration and refinement 
of theoretical models 

4. Validation of theoretical 
models in limited situation 

5. Cross-validation of theory 
in real life situation 

Use of Computer Simulation 

Develops and tests a logical language for 
the description and measurement of phen- 
omena 
Use t o  screen hypothesis, check design, 
plan analysis 
Detailing and testing of many alternatives 

Uses experimental data to validate theory 

The model is used as the predictor and 
tested; if correct, the theory is supported. 
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A new diagram is suggested to illustrate the role of the simulation 
mode 1 : 

FIGURE 7 

Theory 

Field Simulation Experiments a 
Studies Model Simulations 

I V 

Data 
Bank 

S I c 

Three levels of modeling may be carried out. The first level is that of 
the researcher. 
organizations, concentrating on the behavioral changes and the dynamics of the 
individual (e.g., Feldman cognative simulator (1963)). At a higher level one 
may simplify the model of individuals to the skill level and have several 
parallel organizations where individuals are exchanged, skills added or modified 
(e.g., Rome's system (1962) and Orcutt's model (1961) of the family) and facili- 
ties manipulated. The third level will concentrate on the interactions of the 
organization with the national economy, science and technology, education, in- 
dustry, defense and the world situation (e.g., the TEMPER model at the Joint 
Chiefs,! War Gaming Agency or Guetzkow's Inter-Nation Simulation (1962)). 
first step in carrying out the proposed simulation has been to formalize some 
of the manpower characteristics in a SIMSCRIPT program. Such a program shows 
our fact ignorance and points the way to detailed data gathering. 

One may aggregate the functions of the environment and the 

A 

In any approach to modeling the R and D organization, one must be aware of 
the complexity of the problem, in terms of its changing characteristics. 
decision to simulate must be a result of the considerations necessary for simu- 
lating, in terms of people and skills. The three levels of modeling, together 
with computer simulation, will, if properly and cautiously used, be of benefit 

The 
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t o  the  user .  

A demonstration of t h e  level of d e t a i l  required t o  simulate the  funct ion 
of and terms f o r  a SIMSCRIPT program are presented i n  the following Appendix. 
The d e t a i l  which must be gathered before  a s imulat ion is  c a r r i e d  ou t  may be 
defined through t h i s  process. 
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APPENDIX A . 
DEFINITION OF VARIABLES 

- CHNG - a set containing men who have l e f t  the system u n t i l  the end of a repor t  
period when they are pr in ted  out  and destroyed. 
SCHNG i s  an a t t r i b u t e  of MAN which descr ibes  h i s  successor i n  CHNG. 
FCHNG and LCHNG are system va r i ab le s  which denote the  f i r s t  and l a s t  
MAN in  CHNG. The set i s  FIFO. NCHNG i s  the  number i n  CHNG. 

Members are MAN. 

- ETAP - a system va r i ab le  containing t h e  elapsed t i m e  between endogenous events 
of t he  type APPL. This i s  the  frequency with which NAPP men w i l l  apply 
f o r  a job,  i n  days. 

' - ETHR - a system va r i ab le  containing the  elapsed t i m e  between endogenous events 
of t he  type HIRE. This i s  the  frequency with which the  set POOL w i l l  
be checked f o r  qua l i f i ed  appl icants ,  i n  days. (A permanent system at- 
t r i b u t e ) .  

- ETQT - a permanent system a t t r i b u t e  containing the elapsed t i m e  between endo- 
genous events  of the  type QUIT. This i s  the  frequency with which a 
MAN may q u i t  the  group GRP, i n  days. H i s  p robab i l i t y  of q u i t t i n g  i s  
PBQ. 

- ETRT - a permanent system a t t r i b u t e  containing the elapsed t i m e  between endo- 
genous events  of t he  type REPT. This i s  the  frequency with which the 
r e p o r t  generator  w i l l  be  ca l l ed ,  i n  days. 

- GPSK - a permanent e n t i t y  standing f o r  the  s k i l l s  which w i l l  be found i n  the 
Thus NGPSK i s  a system-generated va r i ab le  which group (o r  i n  each MAN9. 

i s  the  number of GPSK'S. 

- GRP - a set containing members MAN. It descr ibes  the  research group. NGRP 
contains  the  number of e n t i t i e s  MAN i n  GRP. SGRP and PGRP are a t t r i -  
butes  of each MSN i n  GRP, descr ibing h i s  successor and predecessor. 
FGRP and LGRP are system a t t r i b u t e s  descr ibing the f i r s t  and las t  MAN 
i n  GRP. GRP i s  a ranked set, using the  a t t r i b u t e  of MAN, I D  as the  
ranking parameter, with lowest values f i r s t .  

- RIEV - a permanent a t t r i b u t e  of  GPSK descr ibing the shortage ( i n  number of men) 
of highly s k i l l e d  persons (level 8 t o  10) i n  the group GRP (or  HIGN minus 
HIGA) . 

- HIGA - a permanent a t t r i b u t e  of GPSK descr ibing the  number of highly s k i l l e d  
(level 8 t o  10) persons i n  GRP f o r  each GPSK. 

- HIGN - a permanent a t t r i b u t e  of  GPSK descr ibing the  number of highly s k i l l e d  
(level 8 t o  10) persons needed i n  the group f o r  each s k i l l  GPSK. 

I D  - a temporary a t t r i b u t e  of the e n t i t y  MAN descr ibing h i s  i d e n t i f i c a t i o n  
number i n  the  system. 



33. 

- LEVL - a temporary a t t r i b u t e  of t he  e n t i t y  SKIL, a l eve l  of prof ic iency f o r  
t h a t  s k i l l .  The values  are in t ege r s  between 1 and 10. 

- LOWA - a permanent a t t r i b u t e  of GPSK descr ibing the  number of low-skilled 
( l eve l  1 t o  3) persons i n  the GRP f o r  each GPSK. 

- LOWN - a permanent a t t r i b u t e  of GPSK descr ibing the  number of low-skilled 
( l e v e l  1 t o  3) persons needed i n  the group f o r  each s k i l l  GPSK. 

- LQEV - a permanent a t t r i b u t e  of GPSK descr ibing the  shortage ( i n  number of 
men) of low-skilled persons (level 1 t o  3) i n  the group GRP (or  
LOWN minus LOWA). 

- MAN - a temporary e n t i t y  descr ibing t h e  men i n  the  system. May be a member 
of the  sets GRP, POOL, o r  CHNG. Owner of t he  set WRTH. 

- MDEV - a permanent a t t r i b u t e  of GPSK descr ibing the  number of medi-m s k i l l e d  
(level 4 t o  7) persons i n  GRP f o r  each GPSK. 

- MEDA - an a t t r i b u t e  of GPSK descr ibing the number of medium s k i l l e d  ( l eve l  
4 t o  7) persons i n  GRP f o r  each GPSK. 

- MEDN - a permanent a t t r i b u t e  of GPSK descr ibing the  number of medium s k i l l e d  
(level 4 t o  7) persons needed i n  the group GRP f o r  each GPSK. 

- NAME - a temporary a t t r i b u t e  o f  SKPL equal t o  the  index number of t h a t  s k i l l .  
This value i s  an in teger  ranging from 1 t o  the  nl;mber of s k i l l s  CNGPSK). 

- NAPP - a permanent system va r i ab le  equal  t o  the  number of men who w i l l  apply each 
period ETAP. 

- NGEN - a permanent system va r i ab le  indexed by one i n  the  program t o  generate  
i d e n t i f i c a t i o n  numbers f o r  men. IDCMAN) = NGEN 

- NMEN - a loca l  v a r i a b l e  used i n  exogenous event GPST which equals the  number of 
men i n i t i a l l y  i n  the  group GRP. 

NQIT - a permanent system va r i ab le  denoting the number of MEN who may leave the  
group each time event QUIT i s  executed. 

PBQ - a permanent system va r i ab le  equaling the p robab i l i t y  t h a t  a man w i l l  
q u i t  each t i m e  endogenous event QUIT i s  executed. 

- POOL - a set with members MAN. In general ,  i t  contains  t h e  men who have applied 
t o  work i n  the group i n  the  l a s t  two t i m e  periods ETAP. NPOOL is the  
number of MAN'S i n  POOL. SPOOL and PPOOL are a t t r i b u t e s  of the temporary 
e n t i t y  MAN, descr ibing h i s  successor and predecessor i n  POOL. FPOOL and 
LPOOL are systems va r i ab le s  which equal the  f i r s t  and last  members of 
POOL. POOL i s  a ranked set, ranked on the  a t t r i b u t e  I D  of  MAN, with the 
lowest va lues  of I D  f i r s t .  

- PROB - a temporary a t t r i b u t e  of MAN used i n  ca l cu la t ions  of the probabi l i ty  of 
q u i t t i n g  f o r  each MAN i n  GRP. 

- UNM - a system-generated va r i ab le  generat ing a random number from zero t o  one 
( f l o a t i n g  point)  each t i m e  it is  ca l led .  
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- RVAR - a random va r i ab le  spec i f ied  i n  the  i n i t i a l i z a t i o n  form which takes  
on normal in teger  values  from 1 t o  10 with a mean of  5,  each t i m e  i t  
is  ca l l ed .  

- SKIL - a temporary en t i t y  descr ibing the  s k i l l s  of each MAN i n  the  system. 
Each SKIL i s  a member of the  set WRTH(MAN) f o r  some MAN i n  the  
system. 

- TAPP - a temporary a t t r i b u t e  of MAN descr ibing the  t i m e  a t  which he appl ied 
t o  the  group. 

- THIR - an a t t r i b u t e  of MAN descr ib ing  the t i m e  a t  which he was h i red  i n t o  
the  group. If not  h i red ,  THIR(MAN) = 0. 

- TIME - a system-generated va r i ab le  containing the  cu r ren t  simulated t i m e  of 
the system. 

- TPR - a l o c a l  va r i ab le  used i n  endogenous event QUIT, used i n  ca l cu la t ing  
the  p robab i l i t y  of a man leaving the  group GRP. 

TgIT - a temporary a t t r i b u t e  of MAN descr ib ing  the  t i m e  a t  which he q u i t  the  
group . 

- WRTH - a set with members SKIL. The owner of t h e  set  i s  MAN (WRTH(MAN)), and 
each set  descr ibes  the  s k i l l s  which the MAN possesses. NWIZTH denotes 
t h e  number of s k i l l s  which each man possesses and i n  t h i s  program i s  
always equal t o  GPSK. FWRTH and LWRTH are a t t r i b u t e s  of MAN. SWRTH 
i s  an a t t r i b u t e  of SKIL. This set i s  FIFO. 

X - a loca l  va r i ab le  used i n  endogenous event QUIT used i n  determining 
which, i f  any, MAN w i l l  leave the  GRP each ETQT. 

- Y - a loca l  va r i ab le  used i n  endogenous event QUIT used t o  determine which, 
i f  any, MAN w i l l  leave the GRP each ETQT. 
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